In vitro infection of murine fetal liver cells with a retrovirus containing v-raf and v-myc oncogenes has produced continuous lines of immature erythroid cells that are leukemogenic. These cells synthesized a factor that stimulated their growth in vitro before autonomous variants emerged.
All murine erythroleukemia (MEL) cell lines developed to date have originated from erythroleukemias induced in vivo by various isolates of Friend virus (FV) (1) . Mice inoculated with this virus develop a rapid erythroblastosis, and late in the disease, transplantable cells emerge that can be adapted to growth in culture (2, 3) . Isolation of these malignant clones is facilitated by culturing infected splenocytes in methylcellulose, then transferring individual colonies and expanding them in liquid culture (4) . Unlike the clones developed from in vivo FV infection, erythroid colonies produced by in vitro infection do not develop into continuous cell lines (5) .
Retroviruses harboring ras, src, and rafoncogenes can also stimulate erythroproliferation in vivo and in vitro (6) (7) (8) (9) . Infection of progenitor cells in vitro with the 3611 murine sarcoma (3611-MSV) virus, which has transduced the v-raf oncogene, results in the formation of erythroid colonies that hemoglobinize completely when exposed to erythropoietin (Epo) in vitro (9) . In contrast, infection with the v-raf/v-myccontaining J2 virus produces poorly hemoglobinized colonies, which are approximately five times larger than v-raf colonies (9) . The addition of v-myc to v-raf, therefore, results in enhanced proliferation of immature erythroid cells with a concomitant decrease in Epo-induced differentiation.
As the J2 virus promotes proliferation of erythroid cells with reduced capacity to differentiate, we reasoned it might be possible to produce erythroid cell lines in vitro with this virus. To this end, fetal liver cells were infected with the J2 virus; then either plated in methylcellulose or maintained in liquid culture. We report here that erythroid cell lines can be generated in vitro. These cell lines develop at very low frequency and exhibit high-affinity Epo receptors, which are internalized and synthesize hemoglobin upon Epo stimulation. For up to 1 yr the cells produced a factor able to stimulate their own growth; then autonomous variants emerged that dominated the cultures.
MATERIALS AND METHODS
Viruses. Molecularly cloned 3611-MSV (10), J2 (8) , and Abelson murine leukemia virus (A-MuLV) (11) were transfected and propagated either in qi2 cells (11) or with helper virus in NIH 3T3 fibroblasts. The c-myc-containing viruses, R15 and M40, were generated in Zen vectors (12) by S. Cory (Walter and Eliza Hall Institute) (unpublished data), who allowed us to use these constructs.
Infection of Hemopoietic Cells. Liver cells from 12-day fetal CBA mice were infected by (i) addition of virus-containing culture supernatants or (ii) by cocultivation with irradiated virus-producing 4i2 cells. Typically 8 x 106 fetal liver cells were exposed to the retroviruses for 2 days in the presence of 10% pokeweed mitogen-stimulated spleen cell-conditioned medium (SCM) (13) . The cells were washed extensively to remove any traces of SCM and then cultured in 0.9% methylcellulose (14) at a variety of concentrations ,000 cells per dish). Cells were also expanded in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Aliquots were removed regularly from liquid cultures, cytocentrifuged onto glass slides, and stained with May-Grunwald-Giemsa.
Filter Hybridization. DNA and poly(A)+ RNA were prepared from cultures according to the methods of Bowtell (15) and Gonda et al. (16) , respectively. Total cytoplasmic RNA was obtained using Gough's method (17) . RNA and restriction enzyme-digested DNA were partitioned on agarose gels. transferred to nitrocellulose, and hybridized to randomprimer-extended probes using standard techniques (18) . The probes utilized were a 700-base-pair (bp) Sac II/Xho I fragment of v-raf(10), a 1.4-kb Xho I fragment of c-myc (19), a 2-kilobase (kb) Sma I/HindIII fragment of v-abl (20), a 1.1-kb Pst I fragment of f3r`J globin (21) , and a 1.1-kb Pst I fragment ofglyceraldehyde-3-phosphate dehydrogenase (22) .
Characterization of Cell Lines. Cell-surface antigens were analyzed by flow cytometry (FACS II, Becton Dickinson) using the following monoclonal antibodies: Ly-1 (53-7.3), Ly-2 (53-6.7), Thy-1 (30-H12), ThB (53-9.2), Ly-5 (B220) (RA30-6B2), Ly-5.1 (ALI-4A2), (13, (24) (25) (26) .
Binding of '251-Labeled Epo ('251-Epo) to J2E Cells. Recombinant human Epo was iodinated using a modification of the ICl method of Contreras et al. (27) and purified as described (28) . The bindability of 1251I-Epo preparations was 22%, and specific radioactivity was 69,000 cpm/ng, as determined by the self-displacement analysis of Calvo et al. (29) . Epo receptor numbers were obtained from saturation analysis at 370C for 70 min in the presence of azide to retard internalization essentially as described (28) . Receptor internalization was determined as described by Nicola (30) and the curvefitting program of Myers et al. (31) .
RESULTS
Generation of Erythroid Lines. Fetal liver cells were infected with 3611-MSV, J2, A-MuLV, or c-myc viruses and then cultured both in methylcellulose and liquid culture. As anticipated from previous studies (9), erythroid colonies developed in unstimulated semisolid cultures infected with 3611-MSV, J2, and A-MuLV, but not with c-myc. In an attempt to develop lines from individual clones, colonies were picked and transferred to liquid culture containing either no exogenous growth factors, 10% SCM, Epo at 0.1 unit/ml, or SCM plus Epo. Although >300 erythroid colonies grown from cells infected with each virus were transferred to liquid culture, no cell lines developed.
When the infected cells were placed immediately into liquid culture, extensive initial proliferation of erythroid cells was seen in all cultures. The A-MuLV-infected cells subsequently terminally differentiated, whereas the 3611-MSVinfected erythroid cells senesced, without differentiating. In marked contrast, the J2 virus-infected cells persisted and produced continuous cell lines in each offour attempts. After 28 days of culture a uniform population of basophilic erythroblasts remained (Fig. 1) , and =-5% of the cells were benzidine positive. The cell lines thus generated were termed J2E and subsequently were cloned both in methylcellulose and by limit dilution. As expected of cells in the erythroid but not lymphoid or myeloid lineages, Thy-1, Ly-1, Ly-2, ThB, Ly5 (B220), sIg, Mac-1, 8C5, F4/80, and Ia antigens could not be detected on the surface of either the parental lines or the clones (32, 33) . They also failed to express Ly6c and the leukocyte common antigen, Ly5, but did display the heatstable antigen (HSA), an antigen found on normal nucleated erythroid precursors (P. A. Lalor, personal communication ever, it seems unlikely that the retrovirus has integrated into a common site in both J2E-1 and J2E(q)-5 cell lines because different DNA fragments were detected with an EcoRI digest ( Fig. 2A, lanes 9 and 10) .
Dysregulated or exogenous myc genes restrict expression of the endogenous myc gene in some cell lines (34, 35) but not in MEL cells (36) (37) (38) . To determine whether the presence of viral myc and raf transcripts inhibited synthesis of the corresponding cellular oncogenes, poly(A)+ RNA was prepared from J2E-1 cells and hybridized to v-raf, v-myc, and c-myc probes. It is clear that the levels ofboth the 3.1-kb c-raf and the 2.4-kb c-myc transcripts were not attenuated as a result of viral mRNA production (Fig. 2B) .
When cultured at low cell density, J2E-1 cells multiplied slowly, doubling every 22 hr. With increasing cell density, however, they divided every 10 hr. Similarly, the cloning efficiency in methylcellulose was between 0.5 and 2% when fewer than 1000 cells were cultured per ml, but increased to 10-15% when >10,000 cells were plated (Fig. 3A) . One possible explanation for these results is that an autostimulatory factor is produced by the J2E-1 cells. To test this hypothesis, medium conditioned by the cells was collected, concentrated 10-fold, and added to J2E-1 cells in methylcellulose cultures. Colony formation was augmented 2-to 3-fold before the concentrated supernatants displayed high dose inhibition (Fig. 3B) . Medium conditioned by J2E-1 cells also stimulated 2-to 20-fold increases in [3H]thymidine incorporation in liquid culture, whereas supernatants from lymphoid, myeloid, fibroblast, and MEL lines were ineffective (data not shown). When J2E-1 supernatants were tested in a series of standard bioassays, the factor responsible for increased proliferation did not appear to be Epo, granulocyte/macrophage colony-stimulating factor, granulocyte colony-stimulating factor, macrophage colony-stimulating factor, interleukin 3, interleukin 4, or interleukin 6. This conditioned medium did not promote erythroid colony formation by fetal liver or bone marrow cells; nor did they synergize with Epo in erythroid colony-forming unit induction. However, after being maintained continuously in culture for a year, autonomous cells, which no longer responded to their own conditioned medium, appeared. Neither colony formation nor [3H]thymidine uptake could be enhanced with concentrated conditioned medium. These cells had a higher cloning efficiency at low cell density (5-10% for 100 cells plated) and displayed a linear relationship between the number of cells plated and colonies formed (cf. Fig. 3A) .
Responsiveness to Epo. To determine whether J2E-1 cells contained Epo receptors, the cells were incubated with 125I-labeled hormone at 37°C. Specific saturable binding of the radiolabeled hormone was demonstrated for J2E-1 cells (Fig. 4A) , as well as for MEL cells and day-13 fetal liver cells, but not for several nonerythroid lines tested. Scatchard analysis indicated that only one class, ofhigh-affinity receptor (Kd = 279 pM) was present on the J2E-1 cells and that 1035 receptors were displayed per cell (Fig. 4B) .
The steady-state kinetic parameters for the interaction of I251-Epo with J2E-1 cells at 37TC were determined by plotting internalized vs. surface-bound I251-Epo as a function of time (Fig. 5) . This analysis revealed internalization and degradation rate constants of 0.087 per min and 0.090 per min, respectively, and a t112 for Epo utilization by these cells of 7.7 min. The ratio of internalization rates for occupied vs. unoccupied receptors was 17, indicating that the Epo receptors on this cell line are extensively down-regulated by the hormone. The ratio of kinetic dissociation and association rates gave a Kd of 189 pM, slightly lower than that determined by Scatchard analysis (279 pM).
To ascertain whether Epo could induce differentiation of J2E cells, the hormone was added to cultures in logarithmic- phase growth. Approximately 5% of J2E-1 cells in induced cultures were benzidine positive, and the addition of Epo at 0.05 units/ml to the cultures resulted in nearly half the cells containing detectable hemoglobin by day 3 of culture ( Fig. 6 ).
The accumulation of P3mau globin in J2E-1 cells after exposure to Epo is shown in Fig. 7 .
A number of different agents were also tested in an attempt to stimulate terminal differentiation. Sodium butyrate increased the number of benzidine-positive cells but dimethyl sulfoxide, which induces MEL cells to produce hemoglobin, was ineffective, as were interleukin 3, granulocyte colonystimulating factor, and granulocyte/macrophage colonystimulating factor. As v-abl has been shown to induce terminal differentiation in ras-infected erythroid cells (39) , fetal liver cells were infected with J2 from a f2 line and then superinfected with A-MuLV. Despite the presence of AMuLV, the J2-infected cells (Fig. 2A, lanes 11 and 12) maintained the phenotype of immature erythroid cells and failed to terminally differentiate. Exactly what these additional events are is unclear, but conceivably immortalization may involve constitutive production of some factor essential for growth. In this context the J2E-1 cells produced a factor that supported growth in vitro because clonogenicity at low cell density was extremely low and conditioned medium from the cells enhanced colony formation and incorporation of [PH] thymidine. This description of growth-factor production by J2E-1 cells is analogous to reports that human erythroleukemia cell lines produce autostimulatory factors (40, 41) . Another erythroid cell line producing a factor is the FV-induced line IW32, which secretes Epo (42); however, production of the hormone does not appear to involve an autocrine mechanism, because Epo is not essential for proliferation of IW32 cells. 
